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Abstract A hydrogen peroxide (H2O2) sensor was devel-

oped by electrodepositing Prussian blue (PB) on a gold

electrode modified with (3-mercaptopropyl)-trimethoxysi-

lane (MPS) polymer. The characterization of the self-

assembled electrode was investigated by cyclic voltammetry

and electrochemical impedance spectroscopy. The results of

electrochemical experiments showed that such constructed

sensor had a favorable catalytic ability to reduce H2O2. The

MPS film on the modified gold electrode greatly enhanced

the pH-adaptive range of PB. Large surface-to-volume ratio

property of double-layer 2d-network MPS-modified PB

electrode enabled stable and highly sensitive performance of

the non-enzymatic H2O2 sensor. The linear range of H2O2

determined is from 2.0 9 10-6 to 2.0 9 10-4 mol L-1 with

a correlation coefficient of 0.9991 and a detection limit for

H2O2 of 1.8 9 10-6 mol L-1. The influences of the poten-

tially interfering substances on the determination of H2O2

were investigated. This modified electrode exhibits a good

selectivity and high sensitivity with satisfactory results.

Keywords (3-Mercaptopropyl)-trimethoxysilane �
Prussian blue � Hydrogen peroxide � Self-assembled

monolayers

Introduction

In recent years, there has been a considerable interest in the

reliable, accurate and rapid determination of hydrogen

peroxide (H2O2) because it is an essential mediator in food,

pharmaceutical, clinical, industrial and environmental

analyses [1–3]. Hydrogen peroxide is also the by-product

of many enzymatic reactions, so its concentration may be

used as an indicator of the progress of a reaction [4–7].

Many techniques including titrimetry [8], spectrophotom-

etry [9] and chemiluminescence [10] have been employed

in the determination of H2O2. Recently, more attention has

been paid to the electrochemistry technique because of its

simplicity, intrinsic sensitivity and high selectivity [11, 12].

A large number of sensors based on the electrocatalysis of

immobilized enzymes to H2O2 reduction were developed

[13, 14]. For example, Dong’s group [13] has developed a

novel method to construct a third-generation horseradish

peroxidase biosensor by self-assembling AuNPs into three-

dimensional sol–gel network. The obtained electrochemi-

cal sensor exhibited good electrocatalytic performance

toward H2O2. However, there still exist some practical

problems related to the use of enzyme in these analytical

devices, due to the short operational lifetimes and low

reusability of these biocatalysts [15, 16]. Furthermore, the

enzymes cannot obviously provide the biosensors a com-

plete long-term stability due to their inherent instability

[17]. Considering these aspects, it is necessary to develop a

simple non-enzymatic sensor for determination of H2O2.

Prussian blue (PB) could be an excellent substitute for

peroxidase enzymes and mediator because of its particular

catalytic activity.

Prussian blue is a prototype of metal hexacyanoferrates,

which has well-known inherent electrochromic [18],

photophysical [19], electrochemical [20] and molecular

magnetic [21] properties. PB has been employed inten-

sively as an electron transfer mediator for analytical

applications and has been widely used in the biosensor

development [22–25]. Due to its excellent electrocatalytic
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activity for the reduction of hydrogen peroxide, PB has

been defined as an ‘‘artificial enzyme peroxidase’’, making

it extremely attractive for constructing oxidoreductase-

based biosensors [26–30].

Self-assembled monolayers (SAMs) technique has

become a popular, simple and reliable procedure for vol-

tammetric determination of organic and inorganic com-

pounds, mostly because of its simplicity, versatility, well

insulation and the establishment of a high level of order on a

molecular scale as a means of preparing a modified surface

[31]. The SAMs of chemisorption of thiols or disulfide on

gold surfaces is of recent interest [32, 33]. It has been shown

that organothiol molecules, upon adsorption on gold, lose

hydrogen from the thiol group and an S–Au bond is then

formed. The reaction mechanism between the S–H group

and the Au atom is expressed as follows:

RSHþ Au! RS-Au + 1/2 H2

(3-Mercaptopropyl)-trimethoxysilane (MPS) is a bifunc-

tional molecule that contains both thiol and silane func-

tional groups; therefore, it was immobilized on the gold

surface in virtue of the –SH of the MPS molecule serving

as binding site for the covalent attachment of MPS. The

hydrolyzed MPS monolayer was then used for the sub-

sequent attachment of alkylsilanes [34]. In this paper, a

detailed work was performed to investigate the preparation

and properties of a hydrogen peroxide sensor based on the

electrodeposition of PB on the self-assembled MPS. Prus-

sian blue showed well-known excellent activity and

selectivity toward the electrocatalytic reduction of H2O2.

The electrochemical activities and determination of H2O2

were characterized by cyclic voltammogram and chrono-

amperometry. A fast and efficient quantitative method for

the determination of H2O2 has been developed.

Experimental

Reagents

(3-Mercaptopropyl)-trimethoxysilane (MPS, 95%) was

purchased from Aldrich. K3Fe(CN)6 and HCl were

obtained from Chongqing Chuandong Chemical Reagent

Plant, China. Hydrogen peroxide (30%), KCl and FeCl3
were obtained from Chengdu Kelong Chemical Reagent

Plant, China. All other chemicals were of analytical reagent

grade and used as received. Phosphate buffer solutions

(PBS) with various pH values were prepared with 0.1 M

NaH2PO4 and 0.1 M Na2HPO4. Absolute ethanol was used

as a solvent for MPS. The Piranha solution was prepared

as described elsewhere (3:1 mixture of concentrated

H2SO4 and 30% H2O2). Doubly distilled water was used

throughout the experiments.

Apparatus

Electrochemical measurements were carried out on a CHI

660 (Shanghai Chenhua Instrument Co., China). The three-

electrode system used in the measurements consisted of a

gold electrode (d = 2 mm) as the working electrode, Pt as

the counter electrode and an Ag/AgCl electrode as the

reference electrode. All potentials were given with respect

to the Ag/AgCl electrode. The pH S-3B meter (Shanghai

Hongyi Instrumentation Co., LTD., China) was used to

measure the pH.

Electrode preparation

The bare gold electrodes were mirror polished with 0.3

and 0.05 mm Al2O3 powder, respectively, and immersed

in Piranha solution for 30 min, and then rinsed ultrason-

ically with water and absolute ethanol for 3 min. The

electrodes were voltammetrically cycled in the potential

range from 0 to 1.6 V in 0.1 mol L-1 H2SO4 solution

until a stable cyclic voltammogram was obtained. The

pretreated electrodes were immersed in 40 mmol L-1

MPS ethanol solution for 3 h at room temperature to

produce a self-assembled monolayer and then washed

thoroughly in ethanol. Subsequently, the electrodes were

dipped into a 0.01 mol L-1 NaOH solution for 2 h to

hydrolyze. Then the electrodes were soaked back into the

MPS solution for 12 h. Thus, the membrane of MPS was

formed on the gold electrodes (Au/MPS). To compare the

electrochemical behaviors of different electrodes, two

modified electrodes were prepared. One was prepared by

electrodepositing PB on the bare gold electrode (Au/PB),

and the other was prepared by electrodepositing PB on

the MPS-modified gold electrode (Au/MPS/PB). The

electrodeposition of PB was prepared by potential cycling

at the scan rate of 50 mV s-1 in the potential range from

-0.5 to ?0.65 V (vs. Ag/AgC1) in a solution containing

2.5 mmol L-1 FeCl3, 2.5 mmol L-1 K3Fe(CN)6, 0.1 mol

L-1 KCl and 0.1 mol L-1 HCl. After deposition, the

electrodes were thoroughly washed with doubly distilled

water and then transferred into a supporting electrolyte

solution (0.1 mol L-1 KCl ? 0.1 mol L-1 HCl) and

electrochemically activated by cycling between ?350 and

-50 mV (25 cycles) at a scan rate of 50 mV s-1. Finally,

the electrodes were rinsed with doubly distilled water

again.

Electrochemical measurement

The electrochemical characteristics of the modified elec-

trodes were characterized by cyclic voltammetry (CV) and

electrochemical impedance spectroscopy (EIS) during the
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fabrication process. Electrochemical experiments were per-

formed in a conventional electrochemical cell containing a

three-electrode system. CV experiment was performed at

the potential swept from -0.2 to 0.6 V (vs. Ag/AgCl) at a

scan rate of 100 mV s-1. EIS experiment was performed in

the frequency range from 0.1 to 105 Hz at the formal

potential of 0.22 V. All experiments were conducted at

room temperature.

Results and discussion

Cyclic voltammetry characterization of self-assembly

process

Cyclic voltammetry is a simple and effective method for

probing the feature of surface-modified electrode and

testing the kinetic barrier of the interface, because the

electron transfers between solution species and the elec-

trode must be produced by tunneling either through the

barrier or through the defects in the barrier. The CVs of the

bare gold electrode and MPS-modified gold electrode in

5 mmol L-1 K3Fe(CN)6 solution containing 0.1 mol L-1

KCl are shown in Fig. 1. It is clearly shown that the

[Fe(CN)6]4-/3- redox couple can give a pair of well-

defined reversible peaks at the bare gold electrode

(Fig. 1a). When the layer of MPS was formed on the gold

electrode, an obvious decrease in the cathodic and anodic

peak currents can be observed (Fig. 1b). It might result

from the blocking effect of the MPS on the electron

transfer.

Electrochemical impedance spectroscopy

characterization of self-assembly process

Electrochemical impedance spectroscopy (EIS) of

[Fe(CN)6]4-/3- solution is an effective and convenient

method to give information on impedance change of the

electrode surface in the modified process. Impedance

measurements were performed in the frequency range from

0.1 to 105 Hz at the formal potential of 0.22 V in the

5 mmol L-1 K3Fe(CN)6 solution containing 0.1 mol L-1

KCl at the bare gold electrode and the MPS-modified gold

electrode, respectively, and the results are shown in Fig. 2.

The inset is the equivalent circuit, in which Rs is the

solution resistance, Cdl is the double-layer capacitance, Ret

is the electron transfer resistance and Zw is the Warburg

impedance. In EIS, the semicircle diameter of EIS

equals the electron transfer resistance Ret. This resistance

controls the electron transfer kinetics of redox probe

([Fe(CN)6]4-/3-) at the electrode interface. It can be seen

from Fig. 2 that the bare gold electrode exhibited a very

small semicircle domain, implying very low electron

transfer resistance (Ret = 80.58 X, Fig. 2a) to the redox

probe dissolved in the electrolyte solution. After the

membrane of MPS was formed on the gold electrodes, the

EIS of the resulting assembled MPS showed higher inter-

facial electron transfer resistance (Ret = 1,586 X, Fig. 2b),

indicating the blocking effect of the MPS on the electron

transfer. It is clear that the change of the impedance is

consistent with that of cyclic voltammetry.

Characterization of PB film

Figure 3 shows the typical cyclic voltammograms (CVs) of

the electrodeposition of PB on the MPS-modified gold
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Fig. 1 Cyclic voltammograms of (a) the bare gold electrode, (b) the

MPS-modified gold electrode in a solution containing 5 mmol L-1

K3Fe(CN)6 and 0.1 mol L-1 KCl. Scan rate, 100 mV s-1
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Fig. 2 Electrochemical impedance spectroscopy of 5 mmol L-1

[Fe(CN)6]3- solution containing 0.1 mol L-1 KCl at the bare gold

electrode (a) and the MPS-modified gold electrode (b). Inset shows

the equivalent circuit model used to fit the impedance data
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electrode in a solution containing 2.5 mmol L-1 FeCl3,

2.5 mmol L-1 K3Fe(CN)6, 0.1 mol L-1 KCl and 0.1 mol

L-1 HCl. It can be seen from Fig. 3 that a pair of redox

peaks grow with the successive scans in the potential range

of -0.5 to ?0.65 V. The continuously increasing current

indicates that PB is accumulating on the modified

electrode.

Figure 4 displays a series of cyclic voltammograms

(CVs) on the Au/MPS/PB-modified electrode obtained at

different scan rates in 0.1 mol L-1 KCl solution containing

0.1 mol L-1 HCl as the supporting electrolyte and the

dependence of the peak current on the square root of the

scan rate. With the increase of the scan rate, the redox peak

currents also increased gradually. The anodic and cathodic

peak currents both increase linearly with the increase of the

square root of the potential scan rate (v1/2) between 20 and

140 mV s-1 (the inset of Fig. 4) with the correlation

coefficients of -0.9929 and 0.9999, respectively, indicat-

ing that the electrode process is a diffusion-controlled

process [35].

The dependence of peak current ip on the scan rate m is

described by the Randles–Sevcik equation:

ip ¼ 2:69� 105
� �

n3=2AD
1=2
0 C0m

1=2

where n represents the number of electrons participating in

the redox reaction, A is the area of the electrode (cm2), D0

is the diffusion coefficient of the molecules in the solution

(cm2 s-1), C0 is the concentration of the probe molecule in

the bulk solution (mol cm-3), m is the scan rate of the

potential perturbation (V s-1) and ip is the peak current of

the redox couple. In the equation, D0, n and C0 are constant

values, so the effective surface area (A) can be calculated

from the value of ip/m1/2. The effective area of the modified

electrode obtained by calculation was 0.235 cm2, which is

seven times larger than the area of the equivalent bare gold

electrode (0.0314 cm2).

Electrochemical characteristics of the modified

electrodes

The effect of pH value on the electrochemical behavior of

PB on the Au and Au/MPS electrodes in 0.1 mol L-1 PBS

containing 0.1 mol L-1 KCl with different pH values has

been investigated. For pH \ 5.65, a pair of sharp redox

peaks can be observed obviously on the Au/PB electrode.

As the pH value increases to 7.0, the redox peak of PB

begin to disappear. This implies that the electrochemical

properties of PB at the Au electrode surface depend

strongly on the pH value of the solution and the Au/PB

electrode is not stable at near neutral solution. This phe-

nomenon is probably ascribed to the strong interaction

between ferric ions and hydroxyl ions (OH-), which forms

Fe(OH)3 at higher pH, and it leads to the destruction of the

Fe–CN–Fe bond and solubilization of PB [36]. However,

for the Au/MPS/PB electrode, as the pH value increases to

8.50 and 9.77, both well-defined peaks can be observed

obviously. As the pH value further increases to 10.46, the

peaks are still observed. All these results indicate that the

Au/MPS electrode greatly enhance the pH-adaptive range

of PB, even to alkaline solution.

The surface coverages of PB on the Au/PB and Au/

MPS/PB-modified electrodes in different pH value were
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Fig. 3 Cyclic voltammograms of the MPS-modified gold electrode in

a solution containing 2.5 mmol L-1 FeCl3, 2.5 mmol L-1 K3Fe

(CN)6, 0.1 mol L-1 KCl and 0.1 mol L-1 HCl in the potential range

from -0.5 to ?0.65 V at 50 mV s-1 for 15 cycles
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Fig. 4 Cyclic voltammograms of the Au/MPS/PB-modified electrode

at different scan rates (from a to g): 20, 40, 60, 80, 100, 120 and

140 mV s-1 in 0.1 mol L-1 HCl solution containing 0.1 mol L-1

KCl under room temperature. The inset shows the dependence of

redox peak currents on the square root of the scan rate
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estimated from the cyclic voltammogram using the

following equation [24]:

C ¼ Q=nFA

where Q is the charge in coulombs, n is the number of

electrons involved in the process, F is the Faraday constant,

and A is the geometric area of the working electrode in

square centimeters. The relationship between the surface

coverage (C, using the cathodic peak located around 0.2 V)

and pH for the Au/PB and Au/MPS/PB-modified electrodes

are shown in Fig. 5. It can be illustrated from Fig. 5 that

the surface coverage of PB on the Au/MPS-modified

electrode is larger than that on the Au electrode. For the

Au/MPS-modified electrode and Au electrode, the surface

coverage of PB was almost unchanged when the pH value

was lower than 6. It can be readily seen that the PB film on

the Au electrode quickly loses stability at pH conditions

above 6 (Fig. 5, curve a). However, the electroactivity of

PB on the Au/MPS-modified electrode is almost the same

as that in acidic solution, even when the pH reaches neutral

condition (Fig. 5, curve b). After the pH is above 9.0, the

PB electroactivity on the Au/MPS-modified electrode

decreases rapidly. One of the reasons may be that the metal

Fe of PB is strongly bonded with sulfur on the surface of

the MPS network, so PB film can make a very strong

combination on the electrode surface. Another reason is

that PB can enter the cavity of the MPS network, and the

network can resist the external pH changes in the envi-

ronment. Thus, the network was expected to increase the

stability of PB. All these results indicate that the Au/MPS/

PB electrode greatly enhances the pH-adaptive range of PB

and the stability of the modified electrode even in alkaline

solution.

Performance of the PB-modified electrode

for H2O2 detection

The electrocatalytic activity for H2O2 (1.0 mol L-1) on the

Au/PB and Au/MPS/PB-modified electrodes were studied.

The response of H2O2 on the Au/MPS/PB-modified elec-

trode is higher than that on the Au/PB electrode, illustrat-

ing that the film of MPS enhances the electrocatalytic

reduction of H2O2. Figure 6 shows a typical amperometric

response of the Au/MPS/PB-modified electrode on suc-

cessive injections of H2O2 into the stirring solution con-

taining 0.1 mol L-1 HCl and 0.1 mol L-1 KCl at an

applied potential of -0.2 V. The inset displays the relevant

calibration curve for H2O2. When H2O2 was added into the

stirring solution, the Au/MPS/PB-modified electrode

responded rapidly. The linear range of H2O2 determined is

from 2.0 9 10-6 to 2.0 9 10-4 mol L-1. The regression

equation is i = 4.5617 ? 0.04879 C(i, 10-6 A, C, lmol

L-1) with the correlation coefficient (r) of 0.9991 and the

detection limit for H2O2 is 1.8 9 10-6 mol L-1. The sta-

bility of the modified electrode and reproducibility of its

electrocatalytic activity to H2O2 were examined. The sta-

bility of the Au/MPS/PB-modified electrode was studied by

cyclic voltammetry in 0.1 mol L-1 KCl solution containing

0.1 mol L-1 HCl as the supporting electrolyte. Investiga-

tion indicated that the modified electrode exhibited a

well-defined cyclic voltammogram with one pair of peaks

at the potential range between ?0.6 and -0.2 V (versus

Ag/AgCl). After 200 continuous cycles at 100 mV s-1, the

peak heights of the cyclic voltammogram decreased\10%.

The reproducibility of the sensor was also investigated.

The relative standard deviation (RSD) was 4.5% for five

replicated measurements at 10 lmol L-1 H2O2. Thus, the

Au/MPS/PB-modified electrode was found to exhibit

excellent stability and reproducibility.

Tolerance of potentially interfering substances

The influence of various potentially interfering species on

the determination of 1.0 9 10-5 mol L-1 H2O2 was

investigated and the results are shown in Fig. 7. The tol-

erance limit was taken as the maximum concentration of

the potentially interfering substances, which caused an

approximately ±5% relative error in the determination.

The tolerated ratio of the potentially interfering substances

was 40 for glycine acid, 20 for glucose and glutamic acid, 5

for citric acid, and 1 for uric acid, ascorbic acid and nitrite.

Analytical application

The sample analysis of H2O2 was studied in tap water

sample, which was collected from our laboratory. Into a

10 mL calibrated flask, 3.0 mL of the water sample was
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Fig. 5 Relationship between PB surface coverage (C) and pH of Au/

PB (a) and Au/MPS/PB-modified electrodes (b)
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pipetted and H2O2 determined. H2O2 was not found in the

tap water. So the recovery test was carried out by adding

different amounts of H2O2 standards in the sample matrix,

and the experimental results are shown in Table 1.

Conclusions

In this paper, we have prepared a hydrogen peroxide sensor

based on the self-assembled MPS and the electrodeposition

of PB. Prussian blue showed electrocatalytic activity for

the reduction of H2O2. The resulted sensor exhibited much

wider pH-adaptive range, extremely fast amperometric

response, a low detection limit and a wide linear range to

H2O2. Besides, the modified electrode exhibits good

selectivity and sensitivity.
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